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ABSTRACT 


A 27-cubic-foot fog chamber was constructed to investigate 
fog clearing by ea means. Fogging of the chamber was 
accomplished with a spray nozzle driven by pre-humidified air, 
producing water droplets ranging from 10u to 75u. A corona 
discharge head in the center of the chamber was operated from 
0 to 100 kV and measurements of fog conditions were made 
optically and with coated slides placed at various positions 
in the chamber. Rapid Clearing was caused by the corona dis- 
charge. The dominant clearing mechanisms identified were 
coalescence and pushing of charged droplets to the walls of 
the chamber; the small size of the chamber precluded deter- 
mination of which mechanism would be most important in large- 


scale fog clearing. 
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I. INTRODUCTION 


As modern technology progresses the old cliche "everyone 
talks about the weather but no one does anything about 1 
is becoming more and more of a falsehood. The emphasis 
placed on environmental problems has led to a considerable 
expenditure of effort on many phases of weather modification. 
One of the areas that has received a concentrated effort is 
the dispersal of warm fog. 

Fog iS a common phenomenon in nature, but the theory of 
fog development and its dispersal is still in its infancy. 
At our present state of knowledge we have a lack of basic 
understanding to enable knowledgeable treatment of practical 
applications of fog modification. Fog is classified as 
either warm fog or supercooled fog, depending on the ambient 
temperature of the medium. Dissipation of supercooled fog 
(below 0° C) has achieved considerable success with a variety 
of methods; however, warm fog is more persistant and more 
insidious. Presently, no practical method has been devised 
to enable the dissipation of warm fog, though there has been 
considerable expenditure of money and effort on its investi- 
gation. 

Fog, in either case, consists of a visible aggregate of 
minute water droplets suspended in air. Its formation by 
homogeneous vapor condensation is possible only in an 


atmosphere of supersaturated vapor. According to international 





definition, fog reduces the visibility to less than one 
kilometer (Huschke, 1959); this is the criterion that 
distinguishes fog from haze and mist. 

Fog, in lowering the visibility in the atmosphere, 
interferes with normal flight schedules, ship timetables, 
trains, automobile and military operations. The average 
individual usually has experienced one or more of these 
types of inconveniences. Not only is the individual hampered 
by fog but it also results in increased travel costs; for 
example, it is estimated that the U. S. airline industry 
loses more than 75 million dollars annually due to airport 
shutdowns involving fog (Gourdine, July 1972). Fog has been 
a contributing factor in numerous aircraft accidents and major 
highway accidents. In view of these facts the airline indus- 
try and the government have allocated large amounts of money 
for methods to combat fog. 

The United States military is deeply involved in all 
aspects of weather modification. It has devoted considerable 
attention to fog dispersal because of the fact that so much 
of our defense is predicated on air power. If the armed 
forces are unable to utilize all their resources in combat- 
ing a foe, they have failed in their calling. Naval aviators 
who hold Standard Instrument Cards are authorized to take off 
when the weather is 300-foot ceiling and one-mile visibility 
(OPNAV INST. 3710.1F). All naval aviators of single-piloted 
aircraft are authorized to land with a 200-foot ceiling and 


1/2-mile visibility (OPNAV INST. 3710.1F). Once fog is 





present the visibility, by definition, is less than take-off 
minimums and close to landing minimums. We, therefore, have 
greatly reduced the safe operation of one of the major weapons 
of the armed forces. It is because of this and the great 

loss of money to the commercial aviation industry that the 
development of ecologically safe fog dispersal systems is 


being investigated primarily for aviation requirements. 
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II. NATURE OF THE PROBLEM 


A. DROPLET GROWTH 

Water droplets can grow in one of two ways: (1) diffusion 
of water vapor and (2) collision (assuming coalescence) with 
other droplets. Growth by diffusion occurs slowly because 
of the large number of droplets that are competing for the 
existing water vapor in an essentially equilibrium situation 
and natural collision as a growth mechanism is almost negli- 
gible. The two most prominant causes of collisions are 
random thermal agitation (Brownian Motion) and droplets of 
different terminal velocities interacting. Even if they 
misenmact, the colileetion efficiency of fog droplets 15 very 
low. Numerous investigators have shown that the collection 
efficiency is increased by the presence of an electric field 
and the presence of charge on the droplets (Pilié, 1966). 
These effects are reasonable and have been demonstrated in 


ime laboratory . 


B, PAST WORK 

Both Arthur D. Little, Inc. (1956) and Plumlee (1964) have 
been able to demonstrate increased coalescence in the labora- 
Pony Using electrical methods. Most of the other investigators 
(Houghton and Radford, 1938; Jiusto, 1964; Junge, 1958; and 
Pilié and Kochmond, 1967) feel that the theory of fog disper- 
sal through electrical means is valid but it is not a practi- 


cal approach to the problem. They have concluded that it is 


Ll 





impractical because the inherently small charge on natural 
fog droplets precludes the creation of an electric field 
sufficiently large to have an appreciable effect on coales- 
cence on a large scale in the field. 

An electrostatic field can act in several ways to 
disperse warm fog: 

im Electrostatic f1elds™can cause tae dissipation of 
fog by increasing the rate of collision of charged fog drop- 
lets onto land and water surfaces. 

Z. Electrostatic forces could cause the fog particles 
to move outward to drier regions of the atmosphere and 
evaporate (MacCready and Mee, 1965). 

oS. “Fieldssean cause drops to “collide due to dipolar 


attraction through the induced dipolar moments of the droplets. 


Since the water molecule is dipolar in nature, the earth's 
electric field polarizes the droplets in a uniform manner. 
The droplets are positioned so that the unlike charges tend 
to overcome the aerodynamic force that reduces the collection 
efficiency. Calculations of the probability of coalescence 
of drops due to polarization forces have been made by 
Sartor (1960), Cohet (1951), Panthener (1947) and Shulepov 
and Dukhin (1962). It is felt that any additional electric 
field applied to natural fog would increase the number of 
moplets Deing polarized and thuswincrease the collection 
efficiency. 

Houghton and Radford (1938) examined the Cottrell method 


of producing charged droplets of like sign by a corona 


AZ 





discharge. It was shown that a wire 50 m long at a height 
of 10 m and potential of six megavolts would produce a clear- 
ing rate of 200 m>/sec within 10 m of the wire. Vounegut 
and Moore (1958) showed that it was possible to charge large 
quantities of Aitken nuclei with a corona discharge. The 
discharge was produced on a long wire stretched horizontally 
several meters above the ground. They used a 30 KVDC power 
supply on a seven km long .64 cm diameter wire and were able 
to measure the spray discharge as far as eight km downwind. 

Arthur D. Little, Inc. (1956) reported that the precipi- 
tation and coalescence of warm fog particles were enhanced 
by the application of an electric field. When the test was 
moved to the field no conclusive results could be shown. 
fies been stated that if the tests were run on a larger 
scale or under more favorable conditions the results could 
have been more conclusive (MacCready and Mee, 1965). 

Since the aircraft industry is deeply involved in the 
investigation, the use of fixed-wing aircraft generating 
corona discharge has been examined. MacCready and Mee 
(1965) proposed the idea that corona current being discharged 
from the opposite wingtips of a flying aircraft would enhance 
fog dispersal. The method would discharge positive polarity 
from one wingtip and negative polarity from the other using 
the wingtip vortices to mix the charges in the air. It was 
stated that approximately 3 x 10° electronic charges per cm? 
could be put into the wake. They calculated that this method 


would result in field strengths up to 300 V/cm until mixing; 
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then the fields would be neutralized through droplet 
coalescence. Junge (1958) proposed almost the same idea 
except that he required more than one aircraft. He theorized 
that two or more planes flying parallel courses, spraying 
out charge, could disperse the fog through electrostatic 
means. A variation on this technique would be the release 
of positive charges from an aircraft flying in the warm 
Stratus and a towed vehicle below the stratus releasing 
Opposite charge. This would result in the mixing of clear 
air with the fog and increase evaporation (MacCready and 
Mee, 1965). 

An alternate approach to the corona discharge method was 
the use of alternating current corona discharge (Pilié, 1966). 
Pilié and Kochmond (1967) followed up this approach but found 
through calculation that the force of attraction between 
charged fog droplets was eight orders of magnitude less than 
titeertorce of gravity. | 

Another school of thought approached the problem through 
the insertion of charged particles in the fog. Houghton and 
Radford (1938) reported that calculations showed that grains 
of sand 100u diameter would have effective diameters of 3801z 
in sweeping out fog droplets if a maximum charge (Rayleigh 
Limit) was carried. The major problem would be the distribu- 
tion of the grains of sand and the production of their charge. 
There would also be the problem of the sand when it settled 
on the earth. The idea of charged water droplets was investi- 


pated and it was found!) that their eitectrve collisten diameter 
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could be increased by a factor of 100 with the application 
of charge (Pauthenier, 1950). 

The creation of downdrafts by ionic currents was 
attempted by Hagen (1961). An electric potential gradient 
was used on a vertical wire located in an inversion. The 
increased mixing was to have caused increased evaporation. 
Field testing was inconclusive. 

The results of seeding laboratory fogs with triboelectric 
powders were reported by Lieberman (1960) without too much 
optimism. The only concrete outcome was that some fogs be- 
Came more stable as a result of the seeding. 

Gourdine Systems, Inc. (1971) developed a method where 
ommelectrical charge is imparted to a fog yia direct energy 
conversion principle, or electrogasdynamics (EGD), so that 
tne fog is electrically attracted to the ground. The electro- 
gasdynamic spray gun used a supersonic jet of air to carry 
charged submicron water droplets deep into the fog where they 
would eventually mix with and attract fog droplets. Computa- 
tions demonstrated that it would require 166 EGD guns to 
aersractorily clean a 4000 x 50 x 30 meter volume of a 
Seatvolary fog (Gourdine, 1971). For a £og drifting at 
4 mph the number of guns to clear the same volume would 
meréase to 3,320 (Gourdine, 1971). There have been no 
fmreld teSts at present but the number of guns required to 
clear an area seems inordinately high. 

As is seen in the previous history of electrical methods 


of fog dispersal, there are many ideas but no definite 
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results. Laboratory investigations have been somewhat 
successful in application and there have been some incon- 
clusive field tests. Human safety is of prime importance 

in the implementation of fog dispersal by electrical means. 
The lack of good solid data concerning the physical mechanism 
involved in fog dissipation and the power required to produce 
the modification is hindering the outcome of fog dispersal 
research. It has been shown that fog can be cleared on a 
emall scale with the use of electricity but as to how, why 
and whether full-scale clearing can be successful, the 


questions remain unanswered.. 


eee OBJECTIVE 

Since fog dispersal by electrical methods is in its 
infancy, the object of this research is to identify and 
clarify the physical mechanism responsible for electric 
dissipation of fog. The initial idea was to construct a 
small fog chamber, conduct optical measurements during 
electrical dispersion, then expand the experiment to the 
field. The optical measurements showed that the rate of 
Clearing increased with applied voltage but no conclusions 
could be reached concerning the phenomena responsible for the 
elearing. At this point it was decided to continue laboratory 
Sead les with experiments designed to allow determination of 
the dominant mechanism connected with the observed clearing. 
Since the use of coated slides is a recognized technique in 


meteorological research it was felt that their employment 
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would aid in our understanding. Several experiments, that 
are described in detail in what follows, were performed and 
coupled with the optical measurements, allowed several 
mechanisms to be identified: pushing, coalescence and 
droplet charging. These mechanisms are the phenomena that 
have to be understood to enable practical employment of 


electrical methods of warm fog dispersal. 


Ly 





ITI. EQUIPMENT 


A. GENERAL 

An overall schematic of the experimental equipment is 
shown in Figure 1. The central component is the fog chamber 
itself, which has three groups of associated equipment: 

(1) optical apparatus, (2) high voltage system, and (3) 
fog production apparatus. 

The optical apparatus consists of a light source which 
shines into the chamber from the outside and is controlled 
by a variac so the light level can be adjusted. Scattered 
light intensity is measured with a photometer using a photo- 
multiplier. The photometer output is displayed on a strip 
chart recorder so that continuous intensity measurements can 
be made. 

High voltage is supplied by a sealed transformer/rectifier 
tank which utilizes 60 Hz voltage input. Output voltage is 
controlled by a variac on the input voltage. The input 
current 1S monitored as a check for leakage current, which 
can indicate faulty operation of the equipment. The output 
voltage 1S monitored uSing special terminals supplied on the 
tank, not directly on the high voltage output. 

The fog is produced using an atomizer spray nozzle. 
Distilled water is supplied to the nozzle from a tank with 
a level control so that a constant water head is maintained 


at all times. The air used in the atomizer passes through 
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a humidifier so that use of the fog supply will not change 
the humidity in the chamber. 

The various pieces of equipment and their operation are 
described in more detail below. 

1. Fog Chamber 

Initially, a frame made from 2 x 4 inch lumber was 
covered on four sides with 3/4-inch plywood. The front and 
rear of this chamber were covered with 1/4-inch thick plexi- 
glass. The plywood on top of the box was fixed in place with 
four 5/16-inch bolts and removable allowing access to the 
interior of the chamber. A 1/2 x 1/4-inch foam strip was 
placed around the top lip of the chamber, forming a seal 
with the top plywood cover. The outside dimensions of the 
chamber are 30 inches wide, 30 inches high, and 36 inches 
long. 

The first optical measurements attempted were trans- 
mitted light intensity through the fog, using a light source 
behind the chamber and a photometer in front. The front- 
rear plexiglass windows were abandoned when it was found 
Gir, accurate opticalereadings could not be taken with this 
configuration. The photometer would become overloaded as 
the fog cleared and the data became meaningless even though 
a workable fog was present in the chamber. Thus, the rear 
of the chamber was covered with 1/4-inch plywood and the 
plexiglass and light source were moved to the top of the 
chamber, the photometer remaining in front (Figure 2). This 


installation permitted the photometer to read light scattered 
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at 90° by the water droplets. This techna@que permitted 
meaningful readings throughout the duration of fog in the 
chamber. 

It was found that the front plexiglass window would 
collect water droplets through an inherent static charge 
on the window (a dramatic demonstration of this effect could 
be seen by rubbing the window and watching droplets form 
immediately on the region rubbed). To correct this deficiency 
the front plexiglass window was replaced with a 1/8-inch 
thick sheet of window glass. This construction permitted 
good optical readings since the glass remained relatively 
clear during fog generation, and could be heated if any 
water droplets did collect on the glass. 

The interior of the chamber was coated with three 
@uarts of Envirotex, a plastic paint used for waterproofing. 
This coating was rather shiny and hampered the optical 
measurements due to internal reflections, so the interior of 
the chamber was painted flat black. 

With the chamber constructed as described above the 
fog duration inside was limited to approximately one minute. 
Blotter paper was added to the bottom of the chamber and the 
fog lasted approximately two minutes with this modification. 
Thus, the entire interior of the chamber was covered with 
blotter paper and saturated with distilled water maintaining 
the humidity in the chamber as close to saturation as possible. 
With this modification on the morning after a previous day's 


fog run, a very light fog was often observed to form in the 
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chamber while the front glass was being heated prior to 
optical measurements. 

To prepare the chamber and equipment for the 
application of high voltage to the charging electrode, 
copper screening and grounding cables were attached to the 
chamber's interior, with the exception of the viewing 
windows. The screen was then covered with blotter paper. 
The copper screen was connected to ground with a grounding 
Strap. These safety precautions also obviated the problem of 
residual charge remaining in the chamber. 

Several access holes were cut into the chamber to 
allow insertion of various equipments. A 1-1/4-inch diameter 
hole was cut in the left side of the chamber for the fog 
input. A 2-1/2-inch diameter hole was cut in the center of 
the bottom of the chamber, which served a dual purpose: 
it allowed slides to be exposed and it permitted insertion 
of the high voltage cable with supporting structure. A 
1-1/2-inch by five-inch access slot was cut into the right 
Side of the chamber allowing insertion of a plastic slide 
holder. The slot was located in the center of the slide and 
next to the base of the chamber. A 1-1/4-inch hole was 
cut in the center of the right side of the chamber directly 
opposite the corona discharge head. The hole was used 
maotially with a Mass analyzer and later i¢vatrorded™@access 
for slides. A final hole was cut in the bottom of the 
chamber, eight inches from the right side and eight inches 


from the front. This 1-1/4-inch hole was fitted with a 
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foam rubber internal sheath and a foam rubber shutter covering 
the hole. This hole was used with the mass analyzer. All 
holes were sealed with stoppers when not in use. 

Due to the large amount of water entering the chamber 
as fog a drain was placed in the rear corner. A 1/2-inch 
diameter Tygon tubing was inserted at this point to carry 
water into a container placed below the chamber. When the 
chamber was operating approximately two litre/hr of water 
was collected. 

ZL Oo Generation 
a. Steam 

Initially, steam was considered as a primary 
source of fog. ‘The initial generator was mounted on the 
Side of the chamber and heated electrically. Only a small 
amount of steam was produced so Marchetti's (1972) method 
was tried using identical equipment but it was found that 
the differential temperature between the steam and the plexi- 
glass caused sufficient condensation to form to make the 
viewing window opaque. After several attempts at clearing, 
steam was abandoned as a fog medium. 

b. Atomizer 

(1) Room Air. An all-glass atomizer was con- 
Structed to produce an aerosol for fog generation. Compressed 
air from the building outlet was used to run the generator, 
the pressure ranging between 10-25 psi. The atomizer was 
contained in a large 10-inch diameter globe to collect large 


droplets, carrying them back to the water supply. A hole 
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in the side of the globe allowed the smaller droplets (10n - 
25u) to escape into the fog chamber. The duration of the 
fog produced was approximately one minute. Readings taken 
of fog duration over a period of several days showed a 
correlation between outside temperature and the lifetime of 
the fog. The relative humidity of the compressed air being 
used to run the generator was checked and found to be 
between 30% to 50%. The air flowing into the chamber was 

so dry that it caused rapid evaporation of the fog. 

(2) Humidified Air. A packed column (Figure 3) 
was designed to increase the humidity of the compressed air. 
Distilled water was pumped to the top of a column of ceramic 
beads and allowed to flow through the beads to a reservoir at 
the bottom. A water pump driven by an electric motor main- 
tained circulation. The column was constructed from aluminum 
and contained six litres of water in the reservoir. Com- 
pressed air was fed into the top of the column adjacent to 
the water inlet and was drawn off at the bottom. Air that 
had been processed through the column showed a relative 
humidity between 85% and 98%, and generated a fog that would 
Mast im excess of 10 minutes. The use ofwhumidified air 
was found to be the major advance in the operation of a 
fog chamber that would produce a sustained fog. 

Even though the fog was of long duration, 
it was felt that a more dense fog was desired. A paint 
Spray nozzle was tried in place of the glass atomizer, pro- 


ducing a longer lasting, more dense fog. Since the nozzle 
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Figure 3. Packed column used to humidify 
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produced a droplet size distribution of 10u - 75u it was not 
necessary to utilize a system that separated large droplets 
(100u) from the characteristic fog droplets (10u - 50u). The 
nozzle, therefore, supplied a great deal more water vapor per 
volume of air than the glass atomizer. Consequently, a more 
dense longer lasting fog was achieved because more water drop- 
lets per volume of air were injected into the chamber and it 
took more time for the natural processes (settling, evaporation 
and collision with the walls) to clear the chamber. 

The spray nozzle was mounted on eemeeee 
of the side of the chamber and angled at 70° toward the back 
of the chamber. This mounting reduced the amount of moisture 
Splashed on the front viewing window. The initial spray head 
used water from a 3.5 litre beaker, which permitted one to 
two hours of continuous operation. The time of operation was 
@ependent on the setting of a needle valve used to adjust the 
amount of water flowing through the spray head. 

It was found that as the water level in the 
supply dropped the size of droplets produced by the nozzle 
varied. A constant head source was designed to alleviate 
this problem. A Fluidmaster Model 200 Ballcock toilet bowl 
check valve was mounted in the bottom of a 3-1/2-gallon 
plastic trash can. A plastic five-gallon water jug was 
mounted outside on the top of the copper cage, six feet 
above the trash can, to ensure enough water pressure to 
Operate the check valve. The water bottle was connected to 


the check valve with 1/2-inch inside diameter Tygon tubing. 
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The water level in the trash can was maintained one inch 
above the top of the nozzle giving a positive water feed, 
a condition which produced the best fog. During operation 
it was noted that any small particles drawn into the spray 
nozzle would alter the spray. .Thus a simple filter system 
was installed on the inlet to the spray nozzle. 

A plastic spray head was constructed of the 
same dimensions as the metal one. It was run at 15 to 20 
psi and produced a fog of the same duration and density. 
The reason for its construction was to test the effects of 
charging of the droplets by friction as they are produced. 
Since it was felt that any investigation into the charging 
of fog would be biased by this "picked up" charge it was 
decided to construct a nozzle from a non-conducting material. 
Later investigation showed that the material of the nozzle 
did not alter the charge on the droplets. 

3. High Voltage Supply 
The voltage was supplied by a Hipotronics HV DC 
Supply number 26-334. The input to the supply was provided 
by a type W 20 HMT 3A Metered Variac Auto Transformer manu- 
factured by General Radio Company. The variac permitted the 
output voltage to be varied from zero to 100 KVDC. The high 
voltage supply was located inside the copper screened cage 
next to the fog chamber while the variac was located outside 
the cage and could be controlled during operation. 
A Digitec 262A multimeter was used to measure 


primary current in the HV tank. No attempt was made to 
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measure secondary current. Output voltage was measured with 
a Kiethly multimeter which was placed in parallel with a 

400 K precision resistor across terminals provided on the HV 
tank. At 100 kV output voltage the terminal voltage was 

100 volts with the 400 K ohm resistor in place. 

The polarity of the charge being applied to the fog 
chamber could be selected by interchanging the ground and 
voltage leads at the HV tank. The voltage lead was placed 
in the chamber through the 2-1/2-inch diameter access hole 
in the bottom of the chamber. The corona discharge point 
was located in the geometrical center of the chamber and 
held in place with a 1/2-inch diameter teflon rod, mounted 
rigidly at the bottom of the chamber. To ensure a corona 
discharge by the high voltage cable three 1/2-inch long 
needles were inserted into the exposed end of the cable. 

Me was felt that this would be sufficient to achieve the 
desired discharge. 
4. Copper Cage 

In the interest of the safety of the operator, all 
high voltage equipment was located inside a copper screened 
cage. The cage had a two-by-four framework which was covered 
with copper screening that was grounded. The dimensions of 
the cage are approximately eight feet on a side. The | 
building wall formed two sides of the cage while a row of 
metal lockers formed the third side. The top and the front 
were covered with the copper screening. A door was located 


in the front as was a two foot by three foot plexiglass 
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Viewing window. The placement of equipments with respect 


to the cage is as follows: 


INTERIOR EQUIPMENT 

1. Fog Chamber 

. HV DC Supply 

Spray Head/Water Supply 
Photometer 

Light Source 


Voltmeter 


SN DO wm > WW bd 


Chart Recorder 


EXTERIOR EQUIPMENT 


1. Five-Gallon Water Bottle 
Ammeter 
VARIAC for Light 


> iW Nr 


VARIAC for HV Supply 


5S. Packed Column 


All the equipment located inside the cage was 
grounded (Figure 1) as were the packed column and air shut- 
off valve located outside the cage. These precautions were 
necessary for safety during the operation of the HV supply 
and protection against residual static charge build-up on 


equipment as a result of the corona discharge. 


B. MEASUREMENT 
1. Slides 
The coated slides were used to obtain both a size 


distribution and a droplet number distribution. These 
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‘measurements enabled a characterization of a standard, zero 
voltage fog, and allowed size and number comparisons when 
voltage was applied. Initially gelatin was tried as a slide 
coating but was rejected in favor of magnesium oxide. The 
bulk of the experimental data was obtained from slide measure- 
ments. 
a. Gelatin 

Initially standard glass specimen slides for 
microscope use were coated with a thin layer of gelatin. 
Even though the slides were precleaned, they were cleaned 
again with a 95% solution of ethyl alcohol, then allowed to 
dry in a relatively dust free atmosphere. This removed any 
packing residue that had coated the slides. To ensure 
relative purity, gelatin that was manufactured by Matheson, 
Coleman, and Bell, specified to be sufficient for culture 
media, was used. The gelatin was dissolved in warm distilled 
water in sufficient quantity to make a 2% solution. Schilling 
blue food coloring was added to the gelatin solution to 
increase the contrast of the slides. A clean glass rod was 
dipped into the colored gelatin solution and wiped once over 
Ghe surface of the slide, giving a fairly uniform coating. 
The slides were dried in a draftless, dust free room for 24 
hours. Once the slides were dry, they were stored in a 
Standard bakelite tray. 

It was found that slight unevenness of the 
gelatin coating forced a continual focusing of the microscope 
during droplet counting. This method was considered inade- 


quate and different slide coatings were investigated. 
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b. Carbon Black 
Another method is the coating of a standard 

cleaned slide with carbon black. Coating was accomplished 
with a small alcohol lamp filled with "nonflammable" clean- 
ing solvent. The slide was passed through the flame until 
the carbon black built up to a sufficient thickness on the 
slide. The thickness of the coating was critical: If it 
were too thick, small droplets would not leave an impression. 
If it were too thin, the texture of the coating would mask 
_the smaller dena pileS- Also, if the slide were allowed to 
get hot in the flame the carbon would burn into the glass 
and a permanent coating would be formed. When droplets 
impinged on these slides, they would leave a small black 
center surrounded by a white ring that was approximately the 
Size of the droplet. This technique was not used because 
identical results had been obtained using magnesium smoke 
and greater expertise in the coating technique had been 
developed with that method. 

c. Magnesium Oxide 

Coating the slide with magnesium smoke is 

another recognized technique (May, 1945, 1950). Magnesium 
ribbon is burned and the smoke (MgO) is allowed to coat the 
Slide. The application of the MgO and its limitations are 
identical to the carbon black technique. This is the coat- 
ing used in the slide measurements reported here; it was the 
first method tried after the gelatin coating and desired 
results were achieved with a minimum of problems in coating 
Eochinigue, 
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Z. Slide Hesigeus 

Since the use of slides was the major contribution 
to the data taken, several holders were designed and used. 
As it turned out, several holders were necessary at the 
same time to obtain the required information during a fog 
run. | 

a. Aluminum Holder 

The first slide holder consisted of an aluminum 

flange that was fixed to the bottom of the chamber over the 
central access hole. A five-inch diameter 1-1/2-inch thick 
Slide holder was machined from aluminum to fit into the 
flange. A 1-1/2-inch hole was partially bored in the center 
of the holder and fitted with an external valve to allow the 
Slide holder to be attached to a weak vacuum line in order to 
draw very small droplets down to the slide. A three-inch 
diameter recess machined into the holder allowed the placement 
of slides and the use of a rubber O-ring for a seal. The 
holder design was such that only one slide at a time could 
be used and it had to be inserted and removed manually. Due 
to the manual manipulation necessary, this slide holder could 
not be used during the application of high voltage, and it 
mas not used for data reported here. 

b. Plastseenolden 

A plastic holder (Figure 4) was designed to allow 

the exposure of a strip of six slides. The holder was placed 
in the bottom center of the chamber allowing the.slides to be 


positioned radially outward from the electrode (Figure 2). 
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A recess was machined in the body of the holder so that three 
slides could be positioned either side of center; these posi- 
tions were lettered A, B, C, D, E, F from left to right when 
viewed from the front of the chamber (Figure 2). A plastic 
shutter over the slides was held closed with a spring. A 
nylon string was attached to the shutter, passed through the 
rear of the chamber, over a pulley, and through the cage to 
the control desk. The holder was positioned through the 
access slot in the side of the chamber and held in position 
by the slot and a 1/4-inch bolt located opposite the slot. 
The bottom of the chamber, where the slide holder was to 
rest, was covered with a five-inch wide sheet of teflon to 
protect the blotter paper. This holder permitted the use of 
Slides while voltage was being applied since it could be 
operated outside the cage. Operation of the shutter exposed 
all slides simultaneously. 
Go Dual shutter Hodder 

A third slide holder (Figure 5) was designed so 
a series of exposures could be taken in sections on a single 
slide. The initial design allowed only consecutive exposure 
of the sections without any time delay between the exposures. 
The holder was modified with a double shutter that permitted 
a time delay between exposures of the sections. The holder 
was constructed from a 3-1/2-inch by 3-1/2-inch by 1/4-inch 
plastic block. A recess was machined in the block to hold 
one slide and an attached aluminum strip positioned the 


holder in the chamber. Two independent shutters were used 


53 








*ATQUapusdeput 
SOAOW 19033NUS YOeY “BSUTMOTA PoTTeISp OF Apoq wo1ljs 
°c oin3sty 


poAower 1023NYS YITM LOPTOY epTTS 197 3nNYS-TeNd 





OM] 19339nyYS sug 1933nuUS 


S$SOD0Y 
9PtTS 


Apog 








36 





to expose the slides: one to select the portion of the slide 
- be exposed and the other to expose the slide to the fog. 
This slide holder was positioned in the chamber through the 
side access hole. Once the holder was in position, the 
access hole was sealed with a styrofoam ‘plug to ensure the 
integrity of the chamber. 

de, Candhoand. "Coffin" 

A fourth slide holder was designed to take slides 
On) the side of the chamber directly opposite the electrode. 
A cardboard "coffin" was made three inches long, aneueineh 
wide, 3/4 inch deep. The sides of this holder prevented 
droplets having predominantly downward motion from striking 
the slide. The holder was used when voltage was applied and 
gave an indication of any physical mechanism present in the 
chamber that would change the downward movement of the drop- 
lets. This holder was inserted into the chamber through the 
access hole at the center of the right-hand side. A piece 
of heavy cloth hung on the side of the chamber directly over 
the holder acted as a shutter for the slide. Gravity held 
the shutter closed and a string leading out of the box allowed 
the cloth to be raised, exposing the slide. This holder could 
be operated during the application of high voltage. 
3. Microscope 

The slides were inspected on a Bausch and Lomb Model 
52 Dynazoom Bench Metallograph Microscope using ten power 
magnification. Two scales were used while viewing: One 


was a scale that allowed size measurement; the other was a 
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10 x 10 grid used for counting. A Polaroid camera back was 
an integral part of the microscope and allowed pictures to 
be taken of various slides. An external light source was 
used to provide illumination of the slides. The microscope 
has a 2X zoom feature but most of the observations were in 
the 1X mode. 
4. Optical Measurements 

To simplify optical measurements a frame was con- 
structed to allow the mounting of the photocell and the 
light source to the same rigid structure, keeping source- 
detector geometry constant. The frame was constructed of 
aluminum angle stock (Figure 2). Two strips of angle were 
attached 4-1/2 inches apart to make a track for the photo- 
cell mount, and for the light. The light and photocell 
tracks were welded together, forming a 90° angle between 
them. At the ends of the photocell track and the light 
source track, roller bearings were fitted and the entire 
unit moved on two tracks of 1/2-inch diameter stainless steel 
rod attached to the chamber, one at the bottom of the front 
Face and the other at the rear of the top. The entire frame 
could be moved left and right, while the light moved fore 
and aft over the top window and the photocell up and down 
facing the front window. The front face of the chamber was 
quartered and numbered, starting at the top left quarter, 
clockwise 1, 2, 3, 4. The photocell was positioned in the 
Peometric Center of cach of the four sections when optical 


Measurements were performed. 
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Optical readings from the fog were taken with a 
Gamma Scientific, Inc. Model 700 M log/linear photomulti- 
plier photometer. A model 700-1 general purpose photomulti- 
plier was mounted on the aluminum frame. Measurements were 
taken of the light scattered 90°. Thus, as the fog dissi- 
pated, the intensity of the scattered light decreased, and 
the photometer reading decreased. 

Initially the -high-intensity light source was mounted 
to shine directly through the top of the chamber. The intense 
heat from the bulb caused its early destruction. Therefore, 
the colimated light source was mounted in an upright position 
and the light beam directed down through the top of the 
Chamber by a five-by-seven-inch plane mirror. The light was 
fixed in one position and the mirror was moved fore and aft 
temposition the shaft of light in the chamber. The 120-vott; 
200-watt GE CHK bulb still generated sufficient heat to neces- 
Sitate the installation of a blower on the light housing, 
which cured the problem of the light burning out. The light 
source was connected to a type 116 Powerstat Variac that 
enapled the light intensity to be controlled in order to 
establish and control a repeatable baseline. The mirror 
was positioned so that the light shaft was located midway 
between the front and rear of the chamber for all of the 
measurements reported here. 

The entire chamber was covered with a tent of blue 
cloth suspended from a 48-inch by 56-inch frame, suspended 


from the top of the copper cage with nylon twine. The blue 
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tent reduced external light, permitting readings’ to be taken 
with the room lights on. Background readings taken for 
various external light conditions showed no intensity varia- 
eron in the anterzror of the™ehamber. 

A model G-14 Varian Graphic Recorder was connected 
to the DC output of the photometer to take continuous 
Scattered light readings. The photometer and strip recorder 
were located inside the copper cage. The scale of the photo- 
meter could be changed by a 1/2-inch diameter long plexiglass 
rod that attached to the scale switch and extended to the 
outside of the cage. The chart recorder could be started 
and stopped externally to the copper cage with a remote on/ 
off plastic arm. All the equipment in the cage was grounded 
for safety. Remote non-conducting arms were used for safety 
because of the high DC voltages being utilized in the experiment. 

5. Charge Measurements 

Charge on the input fog droplets was measured using 
a one-inch diameter brass disc affixed to a plastic rod as 
the probe. The brass disc was inserted into the fog and 
current was measured with a Keithley 610 BR Electrometer. 
The measurements obtained allowed a calculation of the 
average charge on an average sized fog droplet entering 
the chamber. No measurements of charge were taken during 
the application of high voltage due to safety considerations. 

6. Droplet Mass 
An attempt was made to caeure Ene wdens 1 by sOisunc 


fog using a mass analyzer. A quartz crystal oscillating at 
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a certain resonant frequency will shift its frequency when 
it picks up mass. A sloan Thickness Gage based on this 
principle was used to examine the amount of fog incident on 
a quartz crystal surface. Due to problems with conduction 
between the contacts and crystal the investigation of the 
fog with this instrument had to be suspended. Use of this 
instrument could be very beneficial in the investigation of 
fogs if it could be made to operate satisfactorily. 

7. Thermocouple 

Temperature measurements were taken with three 

copper-constantan thermocouples inserted into the chamber 
at points 1, 2, and 3 (Figure 2). The purpoSe was to deter- 
mine if there were temperature gradients in the chamber, 
which would lead to thermal mixing. The reference end of the 
thermocouple was attached to a solid copper slug 1-1/2 inches 
in diameter and six inches long. The reference was placed 
in an ice-water bath and allowed to stabilize for three 
hours prior to any measurements. A Kiethly 150 B Microvolt- 
Ammeter was used to measure thermocouple voltage. The selec- 
tion of the particular temperature sensor being used was made 
with two knife switches so that only one point could be 
recorded at a time, but switching among the points was rapid. 
No temperature gradient was noted either with or without 
applied voltage between the three points chosen and no further 


investigation into thermal mixing was undertaken. 
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IV. EXPERIMENTAL TECHNIQUE AND RESULTS 


Optical and slide measurements are the basis for the 
quantitative results reported here, but initial experimenta- 
tion consisted of visual observations of the fog chamber 
under a variety of charging conditions. The rate of clearing 
that was observed was in direct relation to the strength of 
the voltage applied: the higher the voltage the more rapidly 
tne chamber cleared. _— 

The chamber was filled with fog and allowed to reach 
Steady state before the fog generator was disconnected. Even 
though one could visually observe an increased clearing rate 
at voltages from .0 to 15 kV, the clearing was so gradual that 
the whole chamber appeared to clear uniformly. Around 30 kV 
it was obvious that the dissipation proceeded radially out- 
ward from the corona head to the walls of the chamber. When 
50 kV was applied, a swirling, streaming action was observed 
radiating from the corona head and creating a rapidly expanding 
cleared spherical zone around the electrode. The amount of 
turbulence emanating from the corona head increased as the 
applied voltage increased up to the maximum of 100 kV. At 
this voltage the fog chamber would completely clear of fog in 
WO°to 15 seconds. The rate of clearing and the violence of 
the "pushing" of the fog prompted the making of a 16 mm 
movie to allow a more detailed visual study of the phenomena. 


The film confirms the visual observations and slow motion 
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sequences were especially dramatic, showing the turbulence 
and pushing action. 

The initial sequence in the film shows the rapid fog 
production in the chamber with the metal nozzle. This sequence 
is followed by a 50 kV demonstration of fog dispersal which 
illustrates the swirling, streaming action of the corona. 
Several sequences were taken at reduced voltage for compari- 
son and a sequence was made at 80 kV to dramatize the violent 
effect of fog clearing at high voltage. Copies of the film 
are available. | 

Fog clearing was attempted under continuous fog generation 
which resulted in some interesting observations. From 0 to 
40 kV no clearing was observed but above 40 kV dissipation 
was evident. As the voltage was increased, the chamber be- 
came clearer until, at 80 kV, the only fog in the chamber 
was a stream about 10 inches long emanating from the nozzle. 
Above 80 kV the system shorted out and a fuse was blown in 
the ammeter. Between 40 and 80 kV it appeared that the fog 
was repelled by the corona and entering droplets were pushed 
away from the center of the chamber. 

The original observations support the idea that the rate 
meetoe disSipation is enhanced by injected charge. Once 
these qualitative measurements were completed, experiments 
were performed to identify the physical mechanisms responsible 
for the observed clearing. Because the pushing of the fog to 
the walls of the chamber is so rapid and violent at high 


voltage, it was felt that meaningful results could not be 
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obtained in that voltage regime. Thus, it was decided to 
perform the measurements from 0 to 15 kV. 

The data section is divided into two separate areas: 
(1) optical measurements and (2) slide measurements. The 
slide ieasugenenes are also subdivided into three parts: 
(1) The first part is concerned with measurements taken 
without voltage application; (2) the second is concerned 
with measurements taken after a 15-second application of 
voltage, and (3) the final part is concerned with slides 


exposed during voltage application. The final averaged 


data tables are presented with the various plots of data. 


A. OPTICAL MEASUREMENTS 

Prior to any data being taken, the chamber had to be 
prefogged for two to three hours to ensure a relatively 
steady sate. The blotter paper was presoaked with water 
prior to the fogging to assure a relative humidity in the 
chamber that was as close to 100% as possible. Once the 
chamber had been sufficiently fogged, the front glass was 
fecied slightly with a hot air blower to remove any condensa- 
tion. This ensured a clear optical path through the glass 
and standardized the areas of measurement as far as the glass 
face was concerned. The blower was not run during the opti- 
cal readings. Once the chamber was ready, the blue cloth was 
dropped and optical measurements could begin. 

The light was positioned in the center of the top track 


and turned on at the beginning of the fogging to ensure 
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that the light would heat up and achieve steady state opera- 
tion. The top plexiglass was cleaned on the outside to 
ensure a clear path into the interior of the chamber. The 
light was collimated to give a beam approximately three 
inches in diameter over its entire length. 

The optical measurements were taken with the photometer 
head positioned on the rigid frame, geometrically centered in 
the particular quadrant of the front glass being used. The 
aperture on the photometer head was opened fully during 
measurements. Prior to each series of data the photometer 
was zeroed, with the aperture closed; then the strip chart 
recorder was zeroed. All equipment was turned on during the 
Pmeropging and left on during the entire run, The batteries 
as the photometer were checked daily and replaced when 
required. These precautions were necessary to ensure a 
repeatable baseline. 
| The scattered light background from the chamber was 
measured prior to prefogging and after the dissipation of 
the fog that was used for a run. The readings were different 
for each section on the front glass owing to variations in 
the chamber's interior; however, the background readings 
remained essentially the same for a particular section 
regardless of the day. The fog was considered dispersed 
when the optical reading approximately reached the background 


reading. 
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1. Zeno Voltage 

Once the chamber had been prefogged the first 
measurements of the series were taken without additional 
preparation. The strip recorder was started and the paper 
allowed to advance for 15 seconds. The fog was shut off at 
the valve when the recorder passed a t = 0 mark. The first 
measurements of each series were taken at zero voltage. 
The recorder was run until the reading stabilized near the 
background reading. Due to noise in the system there was 
some minor oscillation around the background reading. 

2. Applied Voltage 

Subsequent measurements were taken after the chamber 
was refogged for three minutes after the zero voltage measure- 
ment. During the fogging the photometer and strip recorder 
were rezeroed and the glass checked for condensation. After 
two minutes of refogging the optical reading would stabilize 
close to the value obtained during the first measurement. 
Once the reading was stabilized the light intensity was 
adjusted with the variac to ensure the same scattered light 
Mitensity starting point, ensuring a standard baseline. 
This technique was investigated and did not bias the 
measurements. The recorder was started and when the t = 0 
fark was reached the fog was turned off and simultaneously 
the voltage was turned on; the voltage was left on until the 
fog was dissipated. The sequence of measurements followed 


Mogpeach section was 0 volts, 5 Kvolts, 10 Kvolts, 15 Kwueles. 
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Once measurements had been conducted in all four 
sections, the sequence was repeated four times for averaging 
purposes. A typical strip recording for 15 Kvolts is in- 
cluded in Figure 6 to demonstrate the method utilized for 
obtaining the data. Once the data were recorded from the 
Strip chart, it was normalized to the intensity value at 
t = 0 for the particular voltage and panel. The normalized 
value was then averaged over the series of readings taken. 
The reduced normalized data are given in Table I. 

Due to Fe renee of the recording caused by 
turbulence in the chamber and noise in the system, a smooth 
curve was drawn through the recorder readout, averaging the 
perturbations. This average value of the intensity was the 
data recorded and utilized in the computations of the 
normalized scattered intensity for the sequences measured. 

It 1s because of this averaging technique that an experi- 
mental error is assigned to each data point. The experimental 
error is +0.4 units on the normalized scale. 

The scattered intensity is plotted versus time on a 
semi-log plot (Figure 7), for each section and for the various 
voltages used. The zero and 5 kV data do not show much in- 
crease in clearing in any of the four sections. A comparison 
of sections one and two with sections three and four in 
Figure 4 shows a longer lasting fog at zero and 5 kV for 
the latter two sections. This was expected since gravita- 
tional settling of the droplets maintained the fog's density 


in the lower regions of the chamber; the fog would clear 
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Figure 7. Averaged normalized optical intensity versus time 
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naturally from top to bottom. At 10 kV and 15 kV data for 
all four sections were similar and reflected the effect of 
applied voltage on the previously explained settling. 
Visual observations did not show a clearing from top to 
bottom but from corona head radially outward. The time 
constants obtained from these plots are presented in 

Table II and plotted as VT; versus V (Figure 8). The VT; 
versus V plot represents the clearing rate as a function of 
voltage. The fact that the curve changes slope rapidly 
above 10 kV is a reflection of chamber size limitations and 
1s explained in Appendix A. The mathematical argument in 
Appendix A leads to the conclusions that there is increased 
coalescence in the chamber as a function of increasing 
voltage, and that pushing becomes more pronounced at high 


voltages. 


Bee OL LDES 

The slides were separated into three classes: Class I 
where no voltage was applied to the fog, Class II where 
measurements were taken after voltage had been applied for 
15 seconds and disconnected, and Class III where measurements 
were taken simultaneously with voltage application. The 
data taken in all classes were recorded as the number of 
droplets of a specified size versus time. 

The chamber was prefogged for approximately two to four 
hours. The blotter paper was saturated to ensure the same 


conditions that were used during the optical measurements. 
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Figure 8. An all-position plot for VTE versus V. 
Data for each voltage has been averaged over the 
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The blue cloth remained raised and the front glass was not 
cleared with the blower. 
Le ooClas sal 

Measurements were taken with the double shutter 
slide holder (Figure 5). The holder with a freshly prepared 
Slide was placed in the chamber while the spray head was 
generating fog. The slide holder remained under these con- 
ditions for at least five minutes prior to exposure to allow 
Buermal stabilization; then the exposure began. The 
exposure sequence was as follows: A timer was set fon fave 
and a half minutes and the air supply was disconnected at 
Valve 1 (Figure 1), and the air line from the humidifier to 
the spray head was also disconnected (Valve 2) to ensure zero 
flow through the nozzle. Ninety seconds were allowed to 
eikemse Prior to exposure of the first section; then the 
sections of the slide were exposed for 15 seconds with a 
30-second interval between exposures. This permitted six 
exposures per slide. After the first full exposure of a 
Slide, the slide holder was removed and the fog generator 
reactivated. A new slide and the holder were inserted in 
the chamber and allowed to stabilize for five minutes; 
subsequent exposure procedures were the same. 

The slides were placed on the microscope and all 
droplets within a 10 x 10 grid, covering an area on the slide 
mee mn ON a Side, were counted wseing the 10X objective. The 
mEOplets Were Categorized imnto three sizes: (1) 10uw to 121, 


(2) 25u and (3) > 25u. The full slide section was scanned 
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to ensure no anamolous areas were used; then three 10 x 10 
grids were counted per exposed section. The number of drop- 
lets counted were averaged and plotted as a histogram of 
number of similar droplets versus time in seconds. The 
results are plotted in Figures 9a - o and the data recorded 
in Table III. Figures 9a - o represent the change in number 
of droplets counted in each size category at each applied 
voltage as a function of time. 

At the lower (< 10 kV) voltages the only droplets 
that show a response to the applied voltage are the large 
(> 25y) ones. The 10pn and 25u droplets tend to remain in 
the fog aggregate in the same numbers for the same length 
of time. At 10 kV and 15 kV the number of 25u droplets 
is reduced and their lifetime decreases as the voltage 
increases. The 10u droplets have the same lifetime but 
their number decreases with increased voltage. 

weeeclass il 

Fog generation was the same as with Class I slides; 
ime fog was allowed to stabilize for 60 seconds, the voltage 
was turned on for 15 seconds. The voltages used were 2.5 kV, 
5 kV, 10 kV, and 15 kV. After 15 seconds the voltage was 
turned off and 15 seconds elapsed before the first slide 
exposure was made, corresponding to the 90-second wait for 
Class I (zero voltage). A measurement taken at zero voltage 
constituted a standard slide for the measurements taken 


that day. 
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10u Droplets 


oltage time (sec 


baz ef cana 


Pfs te Pw be Ps 


25u Droplets 
time (sec 
mo | 90 ss iso | 225 | aa 315 
as | iss [uso | an [| o | o | o _ 
i oe 


a 





(eV) [90 ass iso T3225 315 





Table III. Average number of droplets recorded on tne bottom 
of the chamber as a function of size and voltage at various 
times after application of voltage. 


56 





Dies Gy Veeehies ¢c te "AN S°2 38 


sqotdoip ngz< ‘FG DAinsty Syotdoiup nsz ‘96 91n3Ty Sqotdoip Nol “pg oan3sty 
(99S) owt] (D9S) OWT (DOS) OWT y, 
OOF OFZ O8T OCT OI OO¢c OV2 OST O¢cT O09 OOF OPc O8T OCT O09 
0S : OS OS 
Z = a 
00T 2 00T 5 00TS 
o 4 © 
asi & ‘ F 
002 002 002 
“AY 0 38 : : 
: AX 0 7® AN 0 3” 
szetdoipn s7z< 96 einsTy Stotdoip nsz ‘q6 9AnsTY Syotdoip not ‘e6 einsTy 
29S) owt, (29S) OUT J, (99S) oe | 
O0f OFZ O8T Oct O09 O0¢ Ove O8T OZT gg THOOS One OFleGAT 09 
0S OS OS 
Path 
FE = 
oor oor § oot 2 
=s or o 
@ a . 
ry 
OST 4 RiGeT OST 
002 


00¢ 002 


Su 





“AX O°OT 3® "AY O°OT 3® “AY O°OT 38 


syotdoip nsz< ‘16 ein3sty Ssqotdoip gz ‘°xg oansty SJotdoip tor ‘*f{6 aangsty 
(D9S) owt] (99S) OUT] (99S) owty 
00S. O72 O81 O21 09 O0¢ OZ O8T O2T O09 O0¢ OPC O8I O2T O09 
OS OS OS 
za Zz a 
e e = 
= O0T z O0T 5 
© o © 
my 4 m 
Diane Bs | OST 
002 00¢ 002 
"AY O°S 38 "AY O°S 3P ; eer 5 4h 
szotdoip nsz7< ‘“t6 san3Ty szyotdoip mgz ‘ug oinsty Meee paoin Ng) 564 e1nsty 
(99S) oUt] (99S) SUT] (Ses) “Sult J. 
O0¢ OFC O8T O2T O09 O0¢ Ovd OST OCT O09 Wee Oremuclm OCT 09 
0S OS OS 
Zz Z ea 
S = S 
oor 2 OoT & OO = 
@ o o 
a Hy a 
OST Oia OPS | 


58 





"AY O°ST 78 
szatdoip ngz< ‘°06 ain8Tty 


(29S) owTy 
Ove OSM O2T 09 








"AN O°ST 38 
Sqo[Tdoip sz "ug oINnsTY 


(D9S) sUTY] 
OOF OVZ O8T OZT 09 


"AM O°ST 38 
SJetdoip Nol ‘we ean3ty 


(99S) our y, 
OO£ Ov OST OZT O09 





The data were reduced in the same manner as the 
Glass I slides. From the reduced data tié*droplet size 
versus time at the specific voltage (Figures 9a - eae 
droplet number versus voltage at the various times (Figures 
10a - c) was plotted. Figures 10a - c are an illustration 
of the decrease in the droplet population as a function of 
momtape and time. These figures represent another view of 
the data characterized in Figures 9a - 0. It shows that the 
larger droplets are affected the most by voltage with the 
larger (> 25yu) droplets showing the most response. The 
average droplet size measurements are tabulated with the 
Class I measurements (Table III). 

be «6CCllass” Ii 

The measurements in this class were taken during 
the application of voltage. Slides were positioned on the 
Bercom Of the chamber at points D and F in the plastic holder, 
and at point G on the side of the chamber in the. "coffin." 

It was necessary to allow the slide holders to come to 
equilibrium in the fog prior to exposure. The loaded plastic 
holder was allowed to stabilize in the chamber for at least 
five minutes with the fog generator on. 

Due to the construction of the shutter used on the 
side of the chamber, the stabilization technique had to be 
modified. Initially the cardboard holder was placed in the 
Chamber with the fog generating but it was discovered that 
fog droplets driven by the air would pass through the shutter 


and impinge upon the slide. This was overcome by allowing 
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the plastic holder to stabilize normally, shutting the fog 
off as in Class I, then inserting the coffin holder. This 
technique allowed a 60-second stabilization time, prior to 
exposure, for the coffin holder. 

A standard set of slides was first exposed for 15 
seconds at zero voltage at all locations. After the exposure 
the chamber was fogged and the holders allowed to stabilize 
prior to application of voltage. Voltages used were 1.5 KV, 
4.9 kV, 9.7 kV and 14.6 kV. The slides were exposed for 15 
seconds while the voltage was applied. The slides were 
scanned over most of their area to ensure that no anomalous 
conditions were measured. The droplets were divided into six 
categories: small, droplets 10u or less which could be the 
result of a coating that is too thick causing a reduced 
dwomlet impression or droplets smaller than 10u; 251; 
clusters, groups of ten or more 10u droplets gathered around 
mere droplets (that are not due to random positioning) ; 
large, droplets larger than 100u. 

In Table IV data are presented for the total number 
@: droplets at positions, D, F, and G versus applied voltage. 
The number of droplets recorded at position G was summed 
regardless of size and the standard, zero-voltage measure- 
ment at the same position was subtracted. The resultant 
data are plotted in Figure 11 and show the increase of drop- 
let number as a function of voltage. Figure 11 represents 
data recorded at position G and shows that the total number 


of droplets, regardless of size, increased linearly with 
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voltage. This plot supports the pushing mechanism as one 

of the dominant forces SESS ii: it the chamber. Figures 

12 a, b, c show the number of droplets of various sizes at 
three positions, D, F, G. The 10u and 25u droplets show a 
decrease in their total number as the measurement position is 
moved from the bottom center of the chamber to the side. 

The 50u droplets show an increase in number at position F, 
which is located the furthest distance frem the corona head. 
Position G has also collected a larger number of droplets 
than position D. These facts indicate that the large (50u) 
droplets are experiencing pushing which is driving them from 
the center of the chamber, indicating that these drops are 


fairly highly charged. 


C2 DROPLET CHARGE 

Condensation of droplets on the plexiglass window indicated 
that the droplets entering the chamber were charged by friction 
mene nozzle. Ihe interaction of droplets so charged with 
the applied charging field could seriously alter clearing in 
the chamber. Thus, we measured the charge on droplets as 
they entered the chamber to determine if this was an impor- 
mame effect. 

A one-inch diameter brass electrode was placed about ten 
inches from the nozzle. The rate at which water was collected 
on the electrode and the electrical current were measured 
Simultaneously. It was assumed that the water arrived at 


the electrode as 20y droplets. The number of droplets per 
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unit time arriving at the electrode was thus determined 
and, from this value and the current, the charge per drop- 
let was found. The results for the metal and the plastic 
nozzle are as follows: 

raeeMe talweNozzile 


Water collection rate at electrode: 4.3 g/min 


Current measured: + Zon oc alee) amp 
Water flow rate through nozzle: 31.3 g/min 
Charge on 20u droplet: 4x UO Couly dreap 


2. Plastic Nozzle 


Water eco lMcetmionerate at Cleetrode: 4.9 g/min 
-10 


Current measured: +4 x 10 amp 
Water flow rate through nozzle: 9.6 g/min 
Charge on 20u droplet: 2 x ilo! Coul/drop 


If we assume a 10 KV potential difference between flat 
pretes séparated electrically by 0.5 meter; we grossly 
approximate the field conditions of the fog chamber. Using 
the assumption of a 20u droplet size we find, through a 
monpile computation, that this electric field gives an 
geecleration of ii m/sec to the droplets, which is much 
tess than that due to gravity. To obtain the clearing 
effect we observe with the application of high voltage, 
the droplets mus t be much more highly charged, presumably 


collecting charge from the corona discharge. 


D. TEMPERATURE 
Measurements were taken in two different manners: 


(1) glass centigrade thermometers and (2) thermocouples. 
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The measurements recorded with the glass thermometers were 
taken inside and outside the chamber simultaneously. The 
temperature inside the chamber was usually 2° cooler than 
the temperature outside. 

The thermocouple measurements were taken at three 
points inside the chamber (Figure 2). A series of measure- 
ments with no fog in the chamber, during fog production, 
and during dissipation showed no appreciable difference 
(less than .2° C) in temperature at the three points. It 
was concluded that a significant temperature gradient did 
not occur in the chamber. 

The electrostatic repulsion of the water droplets 
charged by the corona discharge rapidly decreased the density 
of the fog in the center of the chamber. This density reduc- 
tion occurs radially outward until confined by the chamber 
walls. The optical measurements were recorded at positions 
well away (at least six inches) from the walls so the only 
phenomenon recorded was the change of the time constant, 
Table II. 

iace dipolar attraction or the water droplets is alse 
present during voltage application. This phenomenon occurs 
around the lead wire and serves to increase the density 
of the fog in that area. Some of the slide measurements, 
Figures 9a - 0, were taken at the base of the lead-in wire 
and would reflect this increased density with a higher number 
of droplets appearing in the initial exposures after the 


application of voltage. 
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More supportive evidence for the model is illustrated in 
Figure 11 which shows the ratio of the number of 10,u droplets 
at 2.5 kVto the number at 0 kV, as a function of time. The 
figure shows the ratio starting high and dropping off as a 
function of time, the last measurement in the series showing 
arise. This behavior would correspond to the initial highly 
dense layer of droplets near the electrode at the bottom of 
the chamber falling on the slide, followed by the lesser 
density of droplets from the center of the chamber. The 
sudden rise is an indication of ‘the larger density of drop- 


firs at the top of the chamber. 
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V. CONCLUSIONS 


A. GENERAL 

The most readily observed indication of the dispersal of 
fog is increased visibility. Thus, the first experiments 
performed were optical. Direct visual Seer yacten and quanti- 
tative optical measurements showed that the fog in the chamber 
dissipated much more rapidly under the application of high 
voltage. The optical measurements were consistent with both 
Clearing by coalescence, evaporation, or by pushing the fog 
to the walls of the chamber. It was not possible to deter- 
mine which, if any, of the mechanisms is dominant. 

Slides are a more useful measurement tool for this type 
of experiment since they provide a determination of the number 
of droplets and of the droplet size distribution. The slides 
allowed us to reject enhanced evaporation as a clearing 
mechanism since the number of small droplets observed was not 
increased under the application of voltage. In fact, the 
results tended to show that the larger droplets are those 
Gamat are Charged, which indicated coalescence. Also, measure- 
ments made with slides placed at various positions in the 
chamber showed definite evidence of pushing of the fog drop- 
its to the walls. 

At the present state of this work we have definite evidence 
that the following mechanisms are occurring in the chamber: 

1. Changing of droplets by corona - leading to 


coalescence. 
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2. Changing of droplets by corona - the charged droplets 

then being pushed to the walls. 

3. Clustering of droplets about larger charged droplets. 

4. Attraction of droplets to the charging electrode 

structure through an induced dipole moment. 

There is no experimental evidence that allows identifica- 
tion of a dominant clearing mechanism, which is undoubtedly 
due to the small size of the fog chamber. A larger chamber 
would allow much better separation and observation of the 
various mechanisms. The various mechanisms and the experi- 


mental evidence for them will be discussed in detail below. 


B. DISCUSSION OF EXPERIMENTAL RESULTS 

Since the experiments dealt with the time decay of a 
natural phenomenon, it was felt that the effects should 
occur exponentially with time, the time constant changing with 
voltage application. The optical measurements, Figure 7, 
followed this expectation but the slides did not seem to. 
Figures 9a - 0, the histograms of droplet number versus time 
as a function of voltage, showed some decay but not exponen- 
tial. This unexpected behavior cannot be resolved through 
experimental error. It is apparent that application of 
high voltage is causing a non-uniform fog distribution in 
the chamber. This model is described below. 

1. Fog Chamber Behavior Model 

The application of voltage causes an anomalous fog 


distribution within the chamber through two mechanisms: 
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(1) electrostatic repulsion and (2) dipolar attraction. 
Figure 13 is a pictoral representation of the physical forces 


that seem to be operating. 





Figure 13. Fog chamber model illustrating 
A. corona charging and pushing and 
B. dipolar attraction. 

The electrostatic repulsion of the water droplets by 
the conora discharge rapidly decreased the etic, Of Prine oe 
in the center of the chamber. This density reduction reacted 
radially outward until confined by the chamber walls. The 
optical measurements were recorded at positions well away 
(at least six inches) from the walls so the only phenomenon 
recorded was the change of the time constant, Table II. 

The dipolar attraction of the water droplets is also 
present during voltage application. This phenomenon occurs 
around the lead wire and serves to increase the density of 


the fog in that area. Some of the slide measurements, 
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Figures 9a - 0, were taken at the base of the lead wire and 
would reflect this increased density with a higher number of 
droplets appearing in the initial exposures after the applica- 
tion of voltage. 

More supportive evidence for the model is illustrated 
in Figure 14 which shows the ratio of the number of 10u 
droplets at 2.5 kV to the number at 0 kV. The figure shows 
that the ratio starts high and decreases as a function of time. 
The last measurement in the series shows a slight rise. This 
behavior would correspond to the initial dense layer of 
droplets that fall on the slide, followed by the decreasing 
density of droplets from the center of the chamber. The 
sudden rise iS an indication of the dense droplets that were 


forced radially outward to the top of the chamber. 


Number 
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Figure 14. The ratio of the number of 10u droplets at 
2.5 kV to the number of 10u droplets at 
0 kV at each exposure time at position (D). 
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Zs (Optical 
Figure 7 illustrates the fact that as the voltage is 


increased, the rate of fog dispersal increases. The basic 
data does not support ideas concerning the exact mechanism 
for clearing but a VT; versus V plot (Figure 8) does lead to 
some interesting conclusions. The mathematical argument is 
presented in Appendix A. The mathematical argument leads to 
the result that VIE = , Where K is a constant, and yp is 
the mobility. Figure 7 shows an increase in VT; as the 
voltage is increased indicating a decrease in u. 

As the voltage is increased, the mobility decreases 
Which is a fairly clear indication that the droplet mass 
increases by coalescence. From Figure 8, we see that the 
curve does drop (within experimental error) at high voltage 
which is consistent with the pushing phenomenon. Once the 
electrostatic repulsion from the corona head becomes too 
Maree, the droplets move so fast that, within the confines 
of the small chamber, coalescence does not have time to 
Oecur. 

oS.) olides 

It was hoped that the slide measurements would lead 
to an identification of the dominant clearing phenomena. 
This was not the case and the measurements only supplied 
more supportive evidence of pushing and coalescence. 

a. Coalescence and Clustering 

PT 2Uveet 4 ise ae phocognapneoiedes lide see tion 


exposed during a 2.5 kV application. A preponderance of 
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Eouxre Sa. Photegraph of themelide et position G 
exposed during a 15-second application 
of 1.7 kV showing large droplets. 
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the number of droplets that appeared on the low voltage 

Slides was larger than the droplets that appeared on the zero 
voltage or the higher (5 kV - 15 kV) voltage slides (Figure 
15b). These large (> 100n) droplets seemed to be a function 
of position in the chamber and the greatest number collected 
was at position G, on the side of the chamber. These droplets 
apparently had undergone collision and coalescence prior to 
their arrival at the slide. 

It was also noted that position F, the slide furthest 
from the corona head, collected most of the clusters (Figure 
Sc). The clusters could be droplets that have collected 
but not coalesced or multiple overlapping impacts on the 
Slide. The clusters appear around the large (> 100u) droplets 
and would tend to suggest that the larger droplets were 
charged. This charge would increase the collection efficiency 
and the small size of the chamber could be a reason for the 
lack of coalescence. Also, if a larger droplet on a slide 
were charged, it would tend to increase the number of smaller 
droplets that would impact in the same area of a slide be- 
Cause of®dtpolar attraction. 

b. Pushing 

Measurements recorded on the side of the chamber 
(position G) during voltage application (Class III) are 
illustrated in Figure 11 and illustrate the pushing of 
eaarged droplets. the total number of droplets collected 
increases directly with high voltage application. It was 


also noted that slides exposed after voltage application 
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Femeere 15b. Droplets collected at 14°77 KV at position G. 
Note the absence of large droplets. 





Figure 15c. The clustering phenomenon 
that cecurred at) positiene: 
regardless et applica vWeurace. 
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(Class II) showed a reduced number of larger (> 25y) 
droplets than zero voltage slides under the same conditions 
(Figures 9a - 0). Evidently large, 25u, droplets can become 
more highly charged than the smaller droplets and are prefer- 
entially swept to the walls by pushing. This preferential 
sweeping would reduce the number of large droplets suspended 
in the fog. 

The movie taken of the fog chamber in operation 
under voltage application shows a dramatic illustration of 
pushing. When the voltage was applied, turbulence could be 
seen around the corona head and the fog cleared from the 
head radially outward. Pushing is definitely present in 
the chamber, but its relative importance in relation to 


coalescence is unknown. 
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VI. RECOMMENDATIONS 


To date the laboratory experiments have not been 
completely adequate in studying the physical effects of 
inserting charge into fog as a clearing mechanism. It is 
felt that further investigation into this area should proceed 
with the following suggestions in mind. The recommendations 
Should enable clarification of the physical phenomenon 
occurring during application of high voltage. 

1. The major limitation in the experiment was the small 
Size of the chamber; a larger (room sized) chamber would 
enable more definitive measurements. A larger chamber would 
help clarify the distance dependence of the phenomenon and 
allow more conclusive tests SOlGcetnaie stilemLe lacive aiipoime 
tance of pushing and coalescence. 

2. The slide measurements of the fog droplets produced 
by the spray nozzle showed a size distribution between 10u 
and 50u. It is felt that more control over the size distri- 
bution of the droplets produced would afford more definitive 
measurements to be made. A further literature search gave 
information on a spinning disk atomizer (Ametin, 1967; 

May, 1950) which produced droplets that are within 5% of the 
mean size. The mean size of the droplets is controlled by 
the rotational speed of the disk. This atomizer would have 
to be investigated to find if the quantity of droplets 


produced would be adequate for chamber use. 
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3. Evidence taken with slides seems to allude to the 
idea that the larger droplets were preferentially gaining 
charge during voltage application. The charge measurements 
performed in this research were on the fog from the nozzle 
mathout any applied voltage. It is felt that the droplet 
charge needs to be measured at all phases of the dissipa- 
tion process: (1) no voltage, (2) after voltage application, 
and (3) during voltage application. These measurements would 
determine the magnitude of charging of various sized droplets 
which could be critical information as far as warm fog dis- 
Sipation is concerned. 

4. The coated slide technique seems to be the most 
conclusive method for droplet size and distribution sampling. 
Good results were obtainable with the MgO coating but its 
thickness was critical. May (1945) stated that the MgO 
thickness should be the same as the diameter of the droplets 
being measured. It was also pointed out by May (1950) that 
due to the particle size of the MgO, droplets smaller than 
10u would be lost. More information would be obtained if 
a slide coating that would resolve droplets from lu to 2001u 
Were used. Ease of application and simplicity of droplet 
measurement would be the main criteria considered in the use 
of a new coating. 

oS. AT ioresetiterent Method tor catherine the smaller 
(fy - 10} droplets is through the use of a cascade impactor 
(May, 1945, 1961). This equipment should be investigated 


for possible adaption to the fog chamber experiments. 
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6. The slide measurements in the chamber were limited 
to two positions: bottom and side. A better technique would 
be the measurement of the droplets at a variety of positions 
around the interior of the chamber, not limited to points 


adjacent to the walls. 
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APPENDIX A 


MOBILITY 
The fog droplets in the chamber are in a state of 

random thermal motion and drift to the bottom of the chamber 
due to the gravitational force. As they drift, the visibility 
in the chamber clears exponentially with time. We will 
call the time constant associated with clearing for this 
case T,. When the voltage is applied the chamber clears 
much more rapidly, the clearing again being exponential with 
tame. The time constant for this case will be identified as 
TE. 

For random droplet motion with diffusion the mean free 


path is given by: 


2. = (Dr)*/? , (1) 


where D is the diffusion constant and t the mean free time. 
The diffusion constant can be related to the mobility u and 


Peiestemperature IT using the Einstein relation: 
i) Seta. (2) 


K 1s the Boltzman constant. 
Pieaieclecetitc treld 1S@applreasecne torce On a dropler 
eae cial cemauawid | be ds. in tEhisecase, the mean Lree Gime 


and mean free path are related by: 


Sz 





£ = ywqEt , (3) 


where we have assumed the electric field produces the dominant 
effect. 

The mean free time will not be changed by the application 
of the electric field. We now relate these parameters to 
the observed optical decay times. The optical decay times 
can be related to the mean free time through an unknown 


characteristic length, &.,» as 





T Q 
LORRRLE 
iE | i 
O 
oe 
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Thus, 
TE a 6 a Aas (4) 
i Q ugEt 


Wemassume the elctric f1eld can be calculated from the 
fppuzed potential V and a length L, characteristic of the 
geometry of the chamber: E = V/L. Making this substitution 


and solving for VT, we find: 


IB 


ee 
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All quantities on the right-hand side are constant with the 


P<cepelonmoug. and possibly gq, If the droplets obtain there 
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charge from the corona discharge it is reasonable to assume 
that some maximum charge will be quickly reached while the 
droplets are in the discharge, because of electrostatic 


repulsion. Thus, assuming constant charge, we have 


-1/2 


VT, = (constant) (py) 


E (6) 


TE is determined directly from optical measurements and 
the product VT; gives a measure of droplet mobility as a 
function of voltage. A decrease of mobility with applied 


voltage is a good indication of charge-induced coalescence. 
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APPENDIX B 


FOG CHAMBER CONSTRUCTION 

Since a great deal of time and effort were expended on 
the construction of the fog chamber, it was felt that informa- 
tion concerning its development is beneficial for future 
undertakings. A stable, easily cycled chamber is essential 
in any laboratory fog study. It is felt that the following 
construction parameters must be met to produce a workable 
laboratory fog chamber: 

1. A moisture-retaining material must be present in the 
interior of the chamber to maintain the high degree of satura- 
tion necessary for fog. 

2. Even though steam produces a fog that closely resem- 
bles natural fog in size of droplets and density, the conden- 
Sation problem precludes its use during optical measurements. 
(The use of an atomizer eliminates the condensation problem.) 

3. The use of humidified air when using a nozzle 
precludes the introduction of a large volume of "dry air" 
into the chamber, thus reducing the evaporation rate of the 
smaller droplets. 

4. If the atomizer is air-driven, its design should be 
such that the largest number of droplets per volume is pro- 


duced; a spray nozzle achieves this effect. 
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